Scattering Effects in Laser Attenuation System for Measurement of Droplet Number Density  by Sulaiman, Shaharin Anwar et al.
 Energy Procedia  50 ( 2014 )  79 – 86 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the Euro-Mediterranean Institute for Sustainable Development (EUMISD) 
doi: 10.1016/j.egypro.2014.06.010 
The International Conference on Technologies and Materials for Renewable Energy, Environment 
and Sustainability, TMREES14 
Scattering Effects in Laser Attenuation System for Measurement of 
Droplet Number Density 
Shaharin Anwar Sulaiman*, Ahmed Khafidzin Amin Ahmed Ismail, 
Muhammad Noor Fadhli Noor Azman 
Department of Mechanical Engineering, Universiti Teknologi Petronas, 31750 Tronoh, Perak, Malaysia 
Abstract 
Laser attenuation system can be used to measure droplet number density in suspended particles including sprays, which are used 
in combustion studies. The system is also capable in determining the molar absorptivity of a liquid or solid medium. 
Nevertheless, any kind of light is known to experience scattering that is resulted from non-uniformity of the medium that the light 
passes through. In this paper the occurrence of light scattering in laser attenuation system for different medium is investigated. 
The laser attenuation system is developed and calibrated using commercial light filters of known densities. The occurrence of 
scattering and its significance is studied using iodine and water sprays. The study reveals that a total of about 13% of the light is 
scattered elsewhere. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Euro-Mediterranean Institute for Sustainable Development (EUMISD). 
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1. Introduction 
Laser attenuation or light extinction technique has been long established mainly to measure properties of particles 
or aerosols by using the Beer-Lambert law [1]. It is an attractive technique because it provides an instantaneous, 
nonintrusive measurement. The basic principal of operation of laser attenuation can be found in various references, 
for example in [2]. When a body is crossed by a radiation beam, a portion of the incident flux )i is reflected ()r) at 
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the entrance and exit surfaces, and another portion ()a) is absorbed, while the remainder is transmitted. The ratio 
)a/)i is the extinction factor of the body or the absorption factor if absorption is the dominant phenomenon, and that 
all fluxes )r, )t and )a, which arise from a monochromatic flux are precisely proportional to )i. The technique was 
used in the study of aerosol size distribution, e.g. in [3], in a number of researches related to combustion of droplets 
[4-8], and was also employed for measurements of soot volume fraction in engine combustion [9-11]. In a more 
recent development, the light extinction technique has been studied for particle sizing [12]. 
Two main mechanisms by which energy can be removed from incident light traversing a medium are scattering 
and absorption. Scattering of lights by spherical particles that are larger than the wavelength of the light are referred 
to as Mie scattering. Dispersed air bubbles in water mainly scatter light, while absorption is neglected. Generally, the 
intensity distribution of the scattered light is proportional to the local number density and surface area of the 
particles [13]. The intensity of a collimated monochromatic laser beam traversing a dispersion of uniform spherical 
particles in a uniform medium attenuates and can be estimated using light extinction theory.  
Light scattering is a problem in laser attenuation measurement for aerosols since the forward scattered light flux 
superimposes on the transmitted light flux thus resulting in error in the measurement results [14]. On the other hand 
the scattering effect is dependent on the geometry [15] of the measuring system and also the optical depth. Wind & 
Szymanski (2002) presented in their work that if the field of view is small, the scattering effect is negligible. The use 
of lens and pinhole was suggested to minimize forward scattering effect [16], but it was also pointed out that there 
would always be some scattering effect especially if the droplet size is larger than the laser source wavelength, O. An 
ideal situation for the usage of laser attenuation method would be the use of extremely fine aerosol, e.g. 0.1 O in 
order to get Rayleigh scattering. Larger particle experiences a sharper and more intense forward lobe of Mie 
scattering thus may cause higher measured light intensity than expected. Nevertheless, in many practical situations 
involving sprays, the droplet size is larger than the lasers’ wavelengths, and thus light scattering could not be 
avoided. 
There has been limited work to verify the accuracy of measurements by light extinction techniques; e.g. [15, 17]. 
In addition, the inherent limitations of estimating aerosol optical properties from bulk aerosol measurements were 
addressed, at least in part, by a number of authors.  For example, from basic theoretical considerations it was showed 
[18] that if an aerosol is mixed externally or if in an internally mixed aerosol the index of refraction is not a function 
of composition or size, and the aerosol density is independent of volume. 
The objective of the present work was to study the occurrence of and to quantify scattering lights in a laser 
attenuation system when applied in selected mediums. The study was conducted by measuring light intensities at 
various angles relative to the incident light. The experiments were conducted using low power laser that were passed 
through the mediums with a set of aligned optical system. Customized light intensity meters were used to measure 
the laser that passed through the medium. 
2. Experiment Setup 
Shown in Figure 1 is the optical setup for the light extinction experiments. During the experiments, the system 
was mounted on an aluminium platform for accurate positioning of optical components. The experiments recorded 
the average data for the whole field of view of the windows. 
 
 
 
 
 
Fig. 1.Schematic of the light extinction system. 
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During the experiments, a Class-IIIA 3 mW laser (Oave = 652 nm) was expanded up to a diameter of 50 mm by an 
beam expander, where it was collimated by a 50 mm diameter plano-convex lens. Another plano-convex lens was 
mounted 700 mm away from the first one. The laser volume between the two lenses was defined as the test path, 
where mediums such as sprays were placed in to determine droplet number density.  
Upon passing through a medium, such as sprays or liquid in a container, a second identical lens was used to 
refocus the parallel laser beam onto a light intensity power meter. The received light was converted into an analogue 
voltage output, which was sent to Science Workshop 750 data acquisition unit for recording at a rate of 10 Hz. The 
data acquisition unit was connected to a computer using a USB cable. 
 
 
Fig. 2. Orientation of the power meters relative to the medium (top view). 
 
The system was assembled in-house and tested, in which it was found that it took 10 seconds for the system to 
stabilize prior to use. The light meter was also found to be subjected to a fluctuation of 0.1%, which were probably 
caused by electronic noise within the data acquisition system. The primary purpose of setting the laser attenuation 
system would be to quantify number density of suspended droplets or sprays by using the Beer-Lambert law: 
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where I and Io are the intensity of the incident light and the transmitted light, respectively; Nd is the droplet number 
density, Ve is the extinction cross section for visible frequencies, and L is the length of path [1]. The light meter, 
which measured only in voltage, V, was calibrated by using various neutral density light filters (58 mm in diameter) 
of known levels of transmittance (I/Io). The calibration result was found to be linear: 
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V
I
I 568.0  (2) 
where Vo is the voltage read by the light power meter upon detecting the incident light; i.e. without any obstruction 
in the light path.  
A second power meter with another plano-convex lens was used for this experiment to detect the scattering light. 
The two power meters were tested under the same laser condition and without any medium. The difference in 
measurements were found to be small; i.e. 0.1 V or 3.8%. Shown in Figure 2 is the mounting orientation of the 
second power meter. During the experiment, the second power meter was shifted at various angles with reference to 
the medium at an increment of 10° up until 90° for both left and right sections. The voltage readings were recorded 
for all variations. The duration of measurement for each position was ten seconds. The chosen mediums were water 
sprays and iodine solution in a beaker. 
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3. Results and Discussions 
3.1. Light Scattering in Iodine Solution 
In the experiment, liquid iodine was mixed with 360 ml of water to produce an iodine solution in a Perspex 
container with a length, height and width of 7 cm, 10 cm and 7 cm, respectively. Iodine is a non-metallic, dark-
gray/purple-black, lustrous solid element. It is barely soluble in water, giving a yellow solution. For each 
wavelength of light passing through the solution, some of the light is absorbed and this phenomenon is called 
absorbance, A. Absorbance varies with the concentration of the solution and length of the container. An absorbance 
value of 0.04, for instance, implies that the solution absorbs 4% of light passing through it. By placing the solution 
in the test path of the laser attenuation system would enable determination of the molar absorption coefficient or 
molar absorptivity, H, of the solution at different concentrations, by using the following form of Beer-Lambert Law 
expression:  
CLA
I
I
o
i H  ln  (3) 
where L is the path length, and C is the concentration of the solution in moles per cm3. Molar absorptivity denotes 
how strong the sample absorbs the light. 
Shown in Figure 3 is the variation of voltage detected by the light power meter without any obstruction, with 
empty container and with iodine solution (1 ml in 360 ml of water) in the container. The laser source was firstly 
warmed up for 10 seconds prior to the start of experiment. For each setting, the duration of experiment was 
90 seconds. The average voltage when the light path was not obstructed was 3.34 V but when the empty container 
was placed in the path, the voltage decreased to an average value of 3.00 V, and this implied that the container’s 
body absorbed some of the laser light that passed through it. The voltage further decreased to an average value of 
2.87 V when the iodine solution was poured into the container. This was due to the absorption of light by the 
solution. The variations in the voltage readings were small and were probably contributed by electronic noise in the 
power meter or data acquisition system hardware. The value of İ for the iodine solution was calculated to be 
52.9 cm²/mol using Eqs. (2) and (3) with the empty container taken into consideration; i.e. Vo = 3.00 V. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Variation of voltage reading of the light power meter with time at different conditions in the light path. 
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The experiment was repeated with different concentrations of iodine solutions. Shown in Figure 4 is the variation 
of voltage with concentration of iodine solutions. The inset shows the volume of iodine in the solution, the liquid 
concentration, absorbance and the measured molar absorptivity values. It is shown from Figure 4 that the voltage, 
which corresponds to the amount of light detected by the light power meter, decreases linearly with the 
concentration of iodine solution. As the concentration of the solution is increased, a greater amount of the laser 
beam will be absorbed by the particles, and hence resulting in a lower intensity of the beam being transmitted to the 
power meter. Thus, the average voltage recorded by the power meter will be lower. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Variation of voltage reading of the light power meter with concentrations of iodine solutions. 
 
Light scattering refers to all physical processes that move photons apart in different directions and this was 
studied in the present work using the second light power meter, which was arranged at different angles. Shown in 
Figure 5(a) is the variation of average voltage reading of the light power meter with angles relative to the position of 
the iodine solution (of the lowest concentration). Negative angles represent locations on the left of the incident laser 
beam when viewed from its source; and vice versa for positive angles.  
  
(a) (b) 
Fig. 5. Experiment results for iodine solution: (a) variation of average voltage reading of the light power meter with angles relative to the 
medium, (b) distribution of light energy. 
 
The average voltage at 0° was measured by the first power meter, which was meant to measure the light 
transmitted through the iodine solution. It is shown in Figure 5 (a) that the voltages detected by the light power 
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meter at positions other than 0° were significantly low (less than 0.5 V), as compared to 2.87 V at 0° (longest bar). 
Nevertheless, the highest values of voltage were recorded at positions of -50° and +50°, each around 0.5 V.  
Shown in Figure 5 (b) is the distribution of the laser light as it passed through the iodine solution with one 
milliliter concentration of iodine, based on calculation from the results in Figure 5 (a). As the laser passed through 
the solution, 85.6% of the light was transmitted to the light power meter while 1.2% of the light was absorbed by the 
solution. The amount of scattered light to the right and left was 8% and 5.2%, respectively. 
3.2. Light Scattering in Water Sprays 
Water spray as that illustrated in Figure 1 was prepared by using a commercial paint spray nozzle that was 
connected to a 2-hp air-compressor. Water was fed into the spray discharge nozzle, while the supply air pressure 
was regulated at 50, 100 and 150 kPa. The laser attenuation system was set to measure at 1.5 cm below the spray 
nozzle, and measurement with the light power meter was taken for 90 seconds. The second power meter, as 
illustrated in Figure 2, was also used for this experiment. The setting for the second light power meter was the same 
as in the experiment using iodine solution.  
Shown in Figure 6 is the variation of voltage measured by the light power meter for different spray pressures with 
time. It is shown that the average voltage reading when there was no water spray was 3.98 V, which was also the 
highest value in the experiment. The value was slightly higher than that in other experiment due to change of 
batteries of the laser source. The average voltage readings for water sprays at 50 kPa, 100 kPa and 150 kPa were 
3.17 V, 2.56 V and 2.15 V, respectively. As the pressure was increased, more spray droplets were generated and this 
resulted in an increase in the droplet number density. As a result, more light was absorbed by the sprays at higher 
pressures and thus the lower voltage readings by the power meter. The variations in the voltage readings in Figure 6 
were probably contributed by fluctuation in the spray pressure and also due to electronic noise in the power meter or 
data acquisition system hardware. The experiment with water sprays would enable quantification of droplet number 
density with the use of Eq. (1). The extinction cross section, Ve, in Eq. (1) is given by: 
2
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where the mean extinction efficiency, 
eQ ,  was assumed to be 2 as suggested by a related work [1]. The mean 
droplet diameter D20 was obtained from another work [19] which employed the same spray system and was found to 
be 338 Pm. The extinction cross section, Ve, was calculated to be 1.79 × 10-3 cm2. From Eqs. (1) and (2), the droplet 
number density, Nd, of the water spray droplets is given by: 
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Shown in Table 1 are droplet number densities for the three different sprays based on measurements of voltages 
in the experiments and by using Eq. (5). It must be noted that the droplet number density was only an estimate as the 
droplet size distribution must be monodisperse, whereas in the present work it was not [19]. The droplet number 
density can be described as the degree of concentration of particles within a space. It is generally shown in Table 1 
that as the spray pressure was increased, the droplet number density also increased. 
Figure 7 (a) shows the variation of average voltage reading of the second light power meter with angles relative 
to the position of the water spray at 50 kPa. Locations on the left of the incident laser beam when viewed from its 
source are represented by the negative angles; and vice versa for right position. The voltage at 0° represents the 
measurements by the first power meter, which was meant to measure the light transmitted through the water spray. 
Similar to the result in Figure 5 (a), it is shown that for the case of water spray in Figure 7 (a),  the voltages detected 
by the second light power meter at positions other than 0° were significantly low (less than 0.5 V), as compared to 
3.17 V at 0° (longest bar). Nevertheless, the highest values of voltage were recorded at positions of -30° and +30°, 
each at 0.382 V and 0.498 V, respectively. The position (30°) signifies the angle where the highest intensity of light 
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scattering would occur. Obviously the angle for water is different to that in the experiment with iodine solution; i.e. 
at 50°, since the two mediums have different light scattering behavior. 
 
 
Fig. 6. Variation of voltage reading of the light power meter with time for water sprays at different air pressures. 
 
Table 1. Droplet number densities and extinction cross sections at various spray pressures. 
Spray pressure 
(kPa) 
Extinction cross section, Ve
 
(x 10-3cm2) 
Droplet number density, Nd  
(droplets/cm3) 
50 1.79 12.7 
100 1.88 23.5 
150 1.91 32.2 
 
 
 
 
(a) (b) 
Fig. 7.  Experimental results for water sprays: (a) variation of average voltage reading of the light power meter with angles relative to the water 
spray at 50 kPa, (b) distribution of light in experiment with water spray at 50 kPa. 
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Shown in Figure 7 (b) is the distribution of the laser light as it passed through the water spray at 50 kPa, based on 
calculation from the results in Figure 7 (a). When the laser beam passed through the spray, 79.6% of the light was 
transmitted to the light power meter while 7.9% of the light was absorbed by the spray droplets. The amount of 
scattered light to the right and left was 7.9% and 4.9%, respectively.  
4. Conclusions 
Experiments using laser attenuation system were conducted using iodine solutions and water sprays under 
controlled conditions. It is shown in the present work that light scattering occurred for both mediums. The light 
scattering profiles on the left and right of the incident light path are quite symmetrical in the two experiments. The 
highest scattering intensity occurs at an angle of 50° for the iodine solution and 30° for the water sprays, and these 
angles are consistent at both left and right side of the incident light path. The difference in the angles is mainly due 
to the difference in physical properties of the medium. 
The scattered light accounts for 13% of the incident light in the experiment with liquid iodine solution, and 
12.5% in that for water spray. With such a fairly consistent amount of light removal from the path of the incident 
light, it can be regarded that the laser attenuation system is a reliable instrument to measure droplet number density 
as well as liquid molar absorptivity. In addition, it is shown from the experiment with iodine solution that the 
relationship between the intensity of the transmitted light (through voltage read by the power meter) and 
concentration of the iodine solution is linear, and thus suggests a direct relationship between the two parameters. 
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